Abstract: Learned association between context and drug abuse is essential for the drug conditioned place preference (CPP), which is an animal model widely used to measure drug reward. Synaptic plasticity, in the form of long-term potentiation (LTP) and depression (LTD), is regarded as a proposed cellular substrate of learning and memory. However, the exact role of LTP/LTD in addiction is not known yet. Therefore, by bioinformatics we designed peptides aiming to interfere with LTP and LTD respectively, to study their individual role in the expression of morphine CPP. We found that the interfering peptide Pep-A2 can specifically block hippocampal LTP in CA1 region, whereas Pep-A3 can block LTD in this region. Treatment of either of their cell penetrating forms (Tat-A2 or Tat-A3) before test can block the expression of Morphine CPP in mice. These results suggested that both LTP and LTD are required in the drug-associated learning and memory.
The conditioned place preference (CPP) paradigm is exemplar of classical pavlovian conditioning which involves associative learning and memory processes (White & Carr, 1985) . CPP has been successfully used to evaluate the rewarding effects of drugs (Tzschentke, 1998) . The expression of CPP on a drug-free state may require memory for the association between environmental cues and the affective state produced by the treatment (Hsu et al, 2002) .
Previous studies have shown that the mechanisms underlying acquisition and expression of opiate CPP differ substantially (Timothy, 1989) , and suggested that the expression of morphine reward is probably independent on opiate or catecholamine activity, and rather attributes to as yet unknown mechanisms. Synaptic plasticity, including hippocampal LTP and LTD, as a proposed substrate of learning and memory (Kauer, 2004; Malenka, 2003; Malinow & Malenka, 2002) , has been demonstrated in neural reward circuits and might contribute to the learning of addictive behaviours (Jones & Bonci, 2004) . However, we still know little about their exact roles in this type of drug-associated learning and memory.
α-amino-3-hydroxy-5-methylisoxazole-4-propioni c acid (AMPA) receptors, as the major receptors to mediate synaptic transmission of excitatory glutamatergic synapses, are necessary for the expression of LTP and LTD. Recent studies have demonstrated that AMPA receptors are continuously recycled between intracellular compartments and the plasma membrane via vesicle-mediated plasma membrane insertion (exocytosis) and internalization (endocytosis) (Malinow & Malenka, 2002; Bredt & Nicoll, 2003; Collingridge et al, 2004) . Therefore, synaptic plasticity could be altered by regulation of either receptor insertion or internalization.
In the present study, peptides targeted on the sequence related to AMPA receptors trafficking have been designed by bioinformatics to block LTP/LTD. The cell penetrating forms of these peptides were used to further our understanding of the individual role of LTP/LTD in the expression of CPP induced by morphine reward.
Materials and Methods

Animals
Experiments were performed on male Kunming mice (Animal House Center, Kunming Medical College, PR China), which were group housed under a 12/12h light/dark cycle and temperature controlled environment (22 − 24℃) with food and water available ad libitum. Animal care and experimental protocols were approved by the Chinese Academy of Sciences, PR China.
Slice preparation
The experimental protocols were approved by the Department of Biology of the Chinese Academy of Sciences, PR China. The slice preparation and electrophysiological protocols were similar to those described previously (Wu, 1998; Li, 2005) . Kunming mice of 18 − 28 day old were decapitated and the brain was quickly removed and immersed in ice-cold artificial cerebral spinal fluid (ACSF) in vibroslicer chamber．Hippocampal slices (300 µm thick) were cut coronally and then transferred into a submersion type incubation chamber containing 300 mL ACSF heated to (30±2)℃ for 30 − 60 min recovery. During incubation, slices were placed on nylon mesh and both sides of the slices were perfused by oxygenated ACSF. The ACSF contained (in mmol/L): NaCl 120, KCl 2.5, NaHCO 3 26, KH 2 PO 4 1.25, CaCl 2 2, MgSO 4 2, D-glucose 15, pH 7.3, saturated with 95%O 2 and 5%CO 2 . Then, the slice was gently transferred into a recording chamber, and held submerged between two nylon nets and maintained at room temperature (22 − 25℃). The recording chamber consisted of a circular well of low volume (1 − 2 mL) and was perfused with ACSF at a flow rate of 3 − 4 mL/min. A buffer groove enchased with platinum wires was located between recording chamber and vacuum pipette to allow for the most rapid flow while minimizing cell movement.
Eletrophysiology
Blind whole-cell recording was obtained by using electrode (3 -6 MΩ) containing (in mmol/L): potassium gluconate 130, KCl 10, CaCl 2 1, NaCl 6, HEPES 20, EGTA 10, Mg-ATP 3, Na-GTP 0.5, and QX-314 5, pH 7.2, or intracellular solution supplemented with peptide (100 µg/mL, which was dissolved in the intracellular solution at a concentration of 5 mg/mL for stock, GL Biochem (Shanghai) Ltd. China). The membrane potential was held at −70 mV. Electrical stimuli (0.1 ms in duration) were delivered at a frequency of 0.033 Hz to obtain baseline (10 min) that were approximately half-maximal response. The same extracellular electrodes were also used for applying theta burst stimulation (TBS) to induce LTP (Ge et al, 2006) . The TBS consists of a train of five bursts of stimuli at 5 Hz with each burst composed of five pulses (100 µs) at 100 Hz, with the same intensity as the test stimulus for evoking EPSCs, depolarizing the postsynaptic neuron to −20 mV. The train was repeated twice with a 20 s interval. LTD was induced by low-frequency stimulation (LFS; 900 pulses, 1 Hz) with the same stimulation intensity used for baseline recordings combined with depolarizing the postsynaptic neuron to -50 mV. The whole-cell recordings were made in the presence of 100 µmol/L picrotoxin to block the GABAA receptor-mediated currents. For most experiments, drugs (unless otherwise noted, Sigma, St. Louis, MO) were added directly to the ACSF.
The recording duration for the conditioning is about 40 − 60 min. Series and input resistance were monitored throughout each experiment by injecting a test pulse (10 ms) through recording pipettes prior to each stimulation and cells were excluded from data analysis if a greater than 20% change in the series or input resistance occurred during the course of the experiment. The LTP/LTD interfering peptides were designed by the authors using bioinformatics methods based on the underlying mechanisms targeted at α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors. Sequences of those peptides were not disclosed due to the patent.
Behavioral test
The conditioned place preference (CPP) apparatus consisted of two compartments (20l×20w×20h cm 3 )
with different patterns on floors and walls, which was separated by a neutral area (20l×8w×20h cm 3 ). One compartment had a plastic smooth floor and was striped horizontally with alternating 1.5 cm black and white tape on the wall, and the other one had a plastic mesh floor and was striped vertically. The neutral area had a punched plastic floor. Vertically and horizontally striped partition could be inserted to restrict the animals to any designated compartment if necessary. Preconditioning phase (pretest on Day 1 for 20 min) was as follows: mice (weighing approximately 30 g) were placed in the central neutral area and allowed to explore both compartments. Any animal that spent >65% of their time in a large compartment or >45% of their time in the neutral area were discarded from the study before assigning sides, due to the confounding factor of an endogenous preference or aversion. Mice were randomly assigned to four experimental groups. During the conditioning phase (Day 2 − 5), mice were confined to one compartment for 30 min immediately after injection of morphine (10 mg/kg based on the previously described (Hnasko et al, 2005) , sc, Shenyang Pharmaceutical, Shenyang, China) and to the other compartment for 30 min after saline injection (1 mL/kg, sc) daily, and the interval of morphine and saline injection was at 5 − 6 h. CPP was tested on the following day (test, Day 6, 20 min) as the protocol described in the preconditioning phase. Data represent the percent of time spent on the drug-paired side compared to the saline-paired side before and after conditioning (that is, the ratio does not include time spent in the neutral area). Animals received either the peptide Tat-A2 (1.5 nmol/L/g, iv, n=22), Tat-A3 (1.5 nmol/L/g, iv, n=19), Tat-Scramble (1.5 nmol/L/g, iv, n=19) or saline (iv, n=21), 90 min prior to test. After peptide pretreatment all mice were returned to their homecages for 30 min prior to being placed in the CPP compartments.
Data analysis and Statistics
ANOVAs and post-hoc tests (Scheffe for electrophysiology studies and Fisher's LSD for behavioral studies) were used to analyze differences in different treatment groups. The critical value for statistical significance was set at P<0.05. Data are presented as mean±SEM.
Results
Effect of peptides on hippocampal long term potentiation (LTP)
To elucidate the individual role of LTP and LTD in the expression of morphine induced conditioned place preference, we synthesized several kinds of peptides, Pep-A2 and Pep-A3, to selectively block the LTP and LTD, with Pep-Scramble as a control. We investigated the effect of these peptides using whole-cell recordings from CA1 pyramidal neurons in acute hippocampal slices. In control slices, that without peptide in the recording pipette, an N-methyl-D-aspartate (NMDA) receptor dependent LTP inducing protocol (Ge et al, 2006) , theta burst stimulation (TBS), yielded robust stable LTP (P<0.01 baseline versus 30 min post-induction; Fig. 1A,D) . However, postsynaptic application of Pep-A2, but not Pep-A3 and Pep-Scramble, blocked the LTP (Fig. 1B-D) .
Effect of peptides on hippocampal long term depression (LTD)
We next directly tested whether these peptides are involved in hippocampal NMDA receptor dependent LTD. After a stable baseline recording，LTD was absent in Pep-A3 ( Fig. 2A, B) group by means of a low-frequency stimulation protocol which robustly triggers NMDA receptor dependent LTD, whereas in the slices from control, Pep-Scramble and Pep-A2 group (Fig. 2B , data of the last two groups were not shown because of limited numbers). LTD was readily induced by the same protocol. Thus, we conclude that intracellular application of Pep-A2 could specifically interfere with LTP, but not LTD, and the application of Pep-A3 could specifically affect LTD, but not LTP.
The absent of LTP and LTD impair the expre-
ssion of morphine induced conditioned place preference To test the role of synaptic plasticity in the expression of Morphine CPP, the peptides Pep-A2, Pep-A3 and Pep-Scramble were fused to the membrane transduction domain of HIV-1 Tat protein to generate Tat-A2, Tat-A3 and Tat-Scramble to facilitate their intracellular delivery. Systemically treated the animals with the Tat-peptides 90 min before the test phase of the CPP paradigm (Fig. 3A) , we found that the different types of peptides did not affect the changing weight and locomotor activity among groups of morphine conditioning mice (Fig. 3B,C) . However, the expression of Morphine CPP were impaired either by the pretreatment of Tat-A2 (Fig. 3D , LTP blocked group, P<0.05 compared with the scramble control), or the pretreatment of Tat-A3 (Fig. 3D, LTD blocked LTD appears to be necessary for the expression of Morphine CPP.
Discussion
CPP is an animal model widely used to measure the rewarding properties of addictive drugs as reflected by the rewarding reinforced association of context and drugs of abuse (Dong et al, 2006) . Our present findings demonstrate the individual role of LTP or LTD in addiction for the first time, that is, either LTP or LTD is the necessary requirement for the expression of Morphine CPP.
Traditionally, dopamine has received most attention as the key player in drug addiction (Wise, 2004; Schultz, 2004; Phillips et al, 2003) . However, the bulk of studies support a role for glutamate in learning and other adaptive processes in animal models of drug addiction (Kauer, 2004; Kelley, 2003; Wolf, 1998; Jackson et al, 2000) . Moreover, it has become clear that LTP and its counterpart, LTD, are basic properties of most excitatory glutamatergic synapses throughout the central neural system (CNS), and are used for multiple brain functions in addition to learning and memory (Malenka & Bear, 2004) . For example, NMDA receptor blockade, known to prevent many forms of LTP and LTD in other brain regions (Malenka & Bear, 2004) , also prevents Morphine CPP (Harris, 2004; Tzschentke, 1995) , but which could not discriminate the exact role of LTP and LTD. In addtion, NMDA receptor blockade does not prevent the acute locomotor response to psychostimulant drugs, which is in accordance with our results.
The dopaminergic and glutamatergic systems, particularly through dopamine D-1 and glutamate NMDA and AMPA receptors, shared similar neural circuitry and molecular mechanisms (Kelley, 2004) . Axons containing dopamine and glutamate converge onto dendritic spines within striatal and other corticolimbic regions. This convergence leads to activation of intracellular transduction mechanisms, induction of regulatory transcription factors, and long-term changes in cellular plasticity involving a myriad of postsynaptic density proteins (Kelley, 2004; Berke & Hyman, 2000) . Extracellular signal-regulated kinase (ERK) plays an important role in the underlying molecular mechanisms of this process. In striatal medium-sized spiny neurons (MSNs), ERK2 activation requires the concomitant stimulation of dopamine D1 receptors and glutamate NMDA receptors, and possibly other receptors including mGluR5. Thus, the ERK2 pathway operates as a logical AND gate (Girault, 2007) , which detects the coincident activation of glutamate inputs, presumably encoding contextual information related to environmental cues and internal state, and dopamine inputs that encode the reward prediction error signal (Schultz, 2006) . In other systems, the ERK2 pathway is a molecular switch, transforming graded inputs into 'all-or-none' responses (Ferrell, 2002) . It could function similarly as in striatal neurons, that is when a certain level of activation is achieved, as a combined function of dopamine and glutamate inputs, the threshold for ERK2 activation is reached and the neuron switches into a plasticity permissive state that favors the establishment of long-lasting changes. Therefore, we hypothesis that the expression of CPP or other (conditioned behavioral response) is mainly dependent on the overall effect of MSNs in ventral striatum. Systematically treatment of Tat-A2 may interfere with LTP formed in ventral tegmental area, which is of vital importance in reward circuits during morphine administration (Berhow, 1996) , whereas Tat-A3 may interfere with LTD formed in hippocampus, which disrupts the reward and context input respectively.
In addition, the dissociation of mechanisms underlying acquisition and expression of drug effects on behaviour is evident in a wide variety of pharmacological studies (Robertson et al, 1982; Beninger & Hahn 1983; Hand & Franklin 1986; Snodgrass & Allen 1988) , and presumably the expression of morphine reward attributes to unidentified mechanisms rather than the traditional reward circuit.
In summary, our results confirmed the importance of glutamatergic system in the reward related learning and memory, and suggest the both necessary role of LTP and LTD in the expression of Morphine CPP.
